Rotavirus is the most common cause of diarrhea leading to hospitalization in young children. Rotavirus vaccines are available in Canada but have not been introduced in all provinces. In a controlled trial, 2 study sites (Prince Edward Island and the Capital District Health Authority (District 9, Nova Scotia) introduced universal rotavirus vaccine programs for infants at 2 and 4 months of age beginning 1 December 2010, using public health nurse or general practitionerdelivery models, respectively. A third site (Saint John, NB) served as the non-intervention control setting. Vaccine coverage, rotavirus hospitalizations, intussusception and all-cause diarrhea were monitored. A universal rotavirus vaccine program with >90% coverage was associated with reductions in rotavirus-associated hospitalizations (from a peak of 52.8 hospitalizations/100,000 population to 0 hospitalizations) in infants < 12 months and 1 to < 2 y of age 12 months after program implementation. No apparent reduction occurred in the site with vaccine coverage of < 40%, or in the non-intervention control site. No cases of intussusception were associated with vaccine receipt, and no increase in all-cause diarrhea was observed. A universal infant rotavirus vaccine program with high coverage was associated with reductions in rotavirus and no safety signals; no reduction was observed in settings with low vaccine coverage.
Introduction
The introduction of universal infant rotavirus vaccine programs in the US, Australia, Europe, and over 10 South American countries has resulted in dramatic reductions in rotavirus-associated diarrhea and dehydration leading to hospitalization, medical visits and, especially in lower income settings, death. 1 In 2009 the World Health Organization recommended the inclusion of rotavirus vaccine in the national immunization programs of all countries. 2 In Canada rotavirus illness is associated with an average of 11hospitalizations per 1,000 children less than 5 y of age/year and causes the majority of childhood gastroenteritis resulting in hospitalization. 3, 4 Rotavirus vaccines became available in Canada in 2006 (RotaTeq Ò ) and 2007 (Rotarix TM ). 5 The National Advisory Committee on Immunization recommended routine immunization of Canadian children in 2010, 3 as did the Canadian Immunization Committee in 2014. 6 In this study, initiated in 2010 before any province had initiated a routine rotavirus vaccine program, we sought to determine if a universal infant rotavirus vaccine program implemented in 2 provinces would be associated with reductions in the burden of rotavirus as measured by hospitalization in children under 12 months of age. Further, we sought to evaluate the effectiveness of 2 different program delivery models (public health nurse-administered or physician office-administered), in comparison to a non-intervention control jurisdiction where no vaccine was provided.
Results

Vaccine coverage
Vaccine coverage in in year one was 93.4% for one dose and 91.2% for 2 doses in Site 1; and in year 2 it was 93.1% and 90.3% for dose one and 2 respectively. In Site 2, vaccine coverage in year one was 33.1% for dose one and 33.6% for 2 doses; and in year 2 it was 38.3% and 33% for dose one and 2 respectively. Details of vaccine uptake over time for each dose are reported elsewhere.
Rotavirus-associated hospitalizations
Rotavirus admissions in children less than 12 months of age per 100,000 children in that age group decreased in Site 1, with no further cases after November 2012 ( Table 1 , Fig. 1 ). In children 12 months to less than 2 y of age there were no rotavirus admissions in 2012 or 2013 ( Table 2 ). All children <12 months of age would have had an opportunity to be fully immunized by February 2012 and children < 2 y of age by February 2013; vaccine coverage was over 90%. In contrast, no trend in rotavirus hospitalizations/100,000/year in Site 2 (vaccine coverage < 40%) or the non-intervention comparator site was discernible. In Sites 2 and 3 rotavirus epidemics occurred each spring, with considerable year-to-year variation in attack rates.
Adverse events following immunization
The frequency of intussusception did not increase after introduction of the rotavirus vaccine program. Among the 13 cases identified in Site 2 and 3 none had received rotavirus vaccine. No change in the incidence of all-cause diarrhea was observed (data not shown).
Discussion
In this controlled study comparing 2 methods of implementing a universal infant rotavirus vaccine program, the jurisdiction with high vaccine uptake in a public health nurse-delivered program had an elimination of rotavirus admissions in children less than 2 y of age beginning in the second year of the program, which was sustained for an additional 17 months of observation. By contrast, no appreciable difference in rotavirus admissions in infants under 12 months or those 12 to 24 months was observed in the jurisdiction without a program, or in the jurisdiction with a family physician delivered program. These data suggest that a rotavirus vaccine program with high population coverage is effective. The government of Site 1 subsequently continued a universal rotavirus vaccine program for infants after the project ended, based on the effect of the program on childhood rotavirus illness. 8 In Site 2, the jurisdiction with a universal program provided by family physicians, no detectable change in rotavirus admissions occurred. It is important to consider other reasons than poor vaccine coverage (<40 %) in this site for the absence of a change in rotavirus hospitalizations. Rotavirus vaccine effectiveness is lower in a low income setting compared with a high income setting, 1,9 ranging for example from 85 to 88 % effectiveness in the US and Australia to 51-76% in Asia, Africa and South America. The most likely reason that no appreciable reduction in rotavirus admissions occurred at Site 2 is that an insufficient percentage of vaccine-eligible children were immunized in order to observe direct protection in children less than 12 months of age, or indirect protection (herd immunity) in children 12 months to less than 2 y of age. In a previous assessment of immunization coverage in the province where Site 2 is situated, the overall immunization completeness rate was 49% at 12 months, 40% at 18 months and 58% at 24 months of age. 11 It is thus not unexpected that the coverage rate for rotavirus vaccines was under 40% in this effectiveness study. As a federal country, vaccines in Canada are delivered by provinces, so immunization schedules and immunization delivery programs vary. 12 There is little study of the role of program delivery in the success of vaccine programs.
Routine vaccination of infants in the US with pentavalent rotavirus vaccine (RV5) began in February 2006, and by January 2008 vaccine coverage was 57% among children less than one year of age ; post-licensure estimates of rotavirus vaccine effectiveness are similar to those in the pre-licensure efficacy trials in developed countries. 1, 15 The ability of a vaccination program to control disease in the population depends on several factors, including vaccine coverage and the infectivity, or reproductive number (R 0 ) of the infectious agent (i.e., number of secondary cases among susceptible individuals for each case). Rotavirus is highly infectious with a low infectious dose; epidemiologic analyses from 15 countries show R 0 ranging from 23.3 to 191. 16 Clearly higher vaccine coverage rates than 40%, the rate observed in Site 2 in this study, are necessary to alter population epidemiology with such an infectious agent, and this should be a priority in the implementation of rotavirus vaccine programs.
The World Health Organization Global Advisory Committee on Vaccine Safety has recommended a standard approach for intussusception surveillance for countries introducing rotavirus vaccine programs 17, 18 which includes documenting the background rate of intussusception. No cases of intussusception were observed following rotavirus vaccine in this study. The background rate of intussusception in this study varied from 0 to »12/100,000 annually, much less than the background rate in the US of »34/100,000 in infants less than 12 months of age, 19 and no related cases of intussusception were observed. Given the small population (<15 ,000) in this study it is not surprising that this rare AEFI was not seen.
Our study has several limitations. The epidemiology of rotavirus is variable, and reductions in the incidence of disease can occur naturally. It has been previously noted that the size of outbreaks can vary each year. 20 However, the elimination of disease in the site with high coverage for 2.5 y suggests that vaccine rather than natural epidemiologic variation explains the elimination of illness. The duration of protection cannot be determined from this study, and ongoing post-marketing surveillance is necessary. Finally, data on vaccine delivery by physician prescription with private payment was not available.
Materials and Methods
This was a controlled clinical study comparing implementation of universal infant rotavirus vaccine programs in 2 health jurisdictions, with a non-intervention comparator setting. The vaccine program implementation method (nurse-delivered vaccines in public health immunization clinics versus vaccines delivered by family physicians in their offices) was determined by the pre-existing public health immunization program in each jurisdiction, and was unblinded. A detailed description of the implementation process, educational interventions and key informant interviews in each setting is reported. 7, 21 The trial is registered at Clinicaltrials.gov (NCT01273077).
Study setting
The three study sites were the entire province of Prince Edward Island which comprises one health system (Site 1), one health district in the province of Nova Scotia (Halifax Regional Municipality and the western part of Hants County) (Site 2), and the city of Saint John, which is in the province of New Brunswick (Site 3). Site 2 and 3 were chosen as they were the most populous of the multiple health districts in their provinces. The study sites are in the geographically adjacent Maritime Provinces of Canada and all include an urban setting and semi-urban and rural areas. Site 1 has a population of 140,204 22 and an annual live birth cohort of 1400. 8 Childhood immunizations are primarily provided by public health nurses in immunization clinics. Site 2 has a population of 390, 328 22 and a live birth cohort of 4209 (Atlee Perinatal Database, IWK Health Center, Halifax, NS personal communication). Preschool vaccinations are provided in physician offices. In both settings publically funded vaccines are routinely purchased by the provincial government Departments of Health and distributed to vaccine providers. At the time of the initiation of this study rotavirus vaccine was not funded by any provincial government in Canada. For the purposes of this study vaccine was provided for the 2 y study period to the Departments of Health for Sites 1 and 2, without cost. At Site 2 physicians request the requisite number of vaccines they need based on the number of children in their practice. Site 3 has a population of 70,063 22 and a birth cohort of 1757. 
Participants and vaccine
Infants born on or after October 1, 2010, until September 30, 2012, were eligible to receive rotavirus vaccine (Rotarix TM , GlaxoSmithKline Biologicals Inc..), along with their routinely scheduled infant immunizations at 2 and 4 months of age. 23 After the study period the province of Site 1 began funding of a universal infant rotavirus vaccine program, but the province of Site 2 did not. Any unused vaccine in doctors' offices in Site 2 after the study could still be used.
The protocol was approved by Research Ethics Boards at all participating sites prior to study initiation. If information was not available in the health record, parents were not approached for consent to request additional data. Cases for which clinical data was not accessible were excluded.
Study procedures
The method for vaccine program delivery in Sites 1 and 2 followed the usual procedures for implementing a new infant immunization program in those jurisdictions. 7 In Site 1, infant vaccine programs were delivered by public health nurses in immunization clinics. Referrals of all live born infants are sent from acute care hospitals to Public Health Nursing for follow-up home visits post-partum, at which time the reminder to schedule immunizations occurs. Infants received the rotavirus vaccine along with other routinely scheduled vaccines at 2 and 4 months of age: diphtheria (D), acellular pertussis (aP), tetanus (T), inactivated polio (P), and Haemophilus influenzae type B (Hib)(Pediacel Ò , Sanofi Pasteur Ltd.) vaccine, hepatitis B (Engerix Ò -B, GlaxoSmithKline Biologicals, Inc. or Recombivax HB Ò , Merck Canada Inc.) and pneumococcal conjugate vaccine (Prevnar Ò 13, Pfizer Canada Inc.). Administration was recorded in an electronic provincial childhood immunization registry.
In Site 2, infant vaccines were delivered by family doctors along with vaccine given at the 2 and 4 month visits: (Quadracel Ò -ActHib Ò , Sanofi Pasteur and pneumococcal conjugate vaccine Prevnar Ò 13, Pfizer Canada Inc..) A paper or electronic document (Reciprocal Notification Form) was completed by the physician and a copy returned by email, mail or fax to public health.
At Site 3, rotavirus vaccine was not provided by the study to any immunizers.
Outcome measures
The primary objective was to evaluate the effectiveness of these universal infant rotavirus vaccine programs, based on the frequency of hospital admissions for children less than one year of age with laboratory-confirmed rotavirus illness. Secondary objectives were to evaluate the frequency of rotavirus admissions in children 12 months to 2 y of age and the frequency of the serious adverse events (SAEs) intussusception and all-cause diarrhea in children less than 12 months of age. Other objectives of the Maritime Universal Rotavirus Vaccination Program (MURVP), reported elsewhere, were to assess the program implementation processes and coverage in Sites 1 and 2 7 and to describe the knowledge, attitudes and behaviors of health care providers and parents regarding rotavirus vaccine.
The number of live births during the study was obtained from the Vital Statistics office in each jurisdiction. Ascertainment of children hospitalized for rotavirus gastroenteritis (primary effectiveness outcome), and the SAEs was conducted for the 2 y period prior to implementation of the vaccine program and for the subsequent 2.5 y (1 October 2010-30 May 2013).
At Site 2 prospective collection of rotavirus hospitalization data began in 2005, using the pediatric hospital-based national active surveillance system IMPACT (Immunization Monitoring Program ACTive), 24 and continued during and after study initiation. In Sites 1 and 3 retrospective data was collected on rotavirus hospitalizations and SAEs from 2008-2010 by laboratory and health record review using the IMPACT case definitions and prospectively from 2010 onwards. Unfortunately, there is no system for recording vaccines that are prescribed by a physician and paid for by the patient in Site 3 (or any of the sites). The following International Classification of Disease 10th Modification (ICD10) codes were used for initial identification of rotavirus cases and of all-cause diarrhea from medical records: viral and other intestinal infections (A08), diarrhea and gastroenteritis of infectious origin (A09), non-infectious gastroenteritis (K52.9), R11 (nausea and vomiting) and R15 (fecal incontinence).
For the primary objective, the case definition of rotavirus gastroenteritis hospitalization required that the child be less than one year of age, an inpatient at the study site hospital, with laboratory confirmed rotavirus infection by enzyme immunoassay, polymerase chain reaction (PCR) or other molecular tests, or an electron microscopic diagnosis in a stool specimen taken within 14 d after the onset of gastrointestinal symptoms (diarrhea with or without vomiting). The admission could be a direct admission, a transfer from another hospital for management of the infection, or the child could have acquired the infection during a hospital stay for another illness (i.e., hospital-acquired infection). Cases identified by autopsy must have had gastrointestinal symptoms before death. For the analysis of children under 2 y of age with rotavirus the case definition was the same except the child was 12 months to less than 24 months of age. The study did not intervene in diagnostic testing practice.
Adverse event surveillance was conducted for intussusception and/or severe diarrhea following vaccine receipt. The case identification of intussusception was based on searches of hospital records for the ICD10 codes: K56.1 (idiopathic), K91.3 (due to surgery), K38.8 (intussusception of the appendix), or the corresponding ICD-9 codes (560.0 and 543.9) and could have occurred in a hospital admission, emergency department visit or diagnostic radiology visit.
Intussusception cases that met Level 1 Brighton definition 25 were included. Children with intussusception which was a direct complication of a surgical procedure (such as J-tube insertion) were excluded. Any case of diarrhea in a child less than 12 months of age that required hospitalization was considered severe diarrhea.
Statistical considerations and data analysis
The frequency of events was estimated using point estimates and exact binomial confidence intervals for the proportion of the target population (birth cohort eligible for vaccination) undergoing hospitalization due to rotavirus. Rates and proportions were summarized using binomial point estimates and confidence intervals. Continuous variables were summarized using point estimates of the mean, and associated intervals.
Vaccine coverage for each dose was defined as eligible children who received the vaccine as a percentage of the cumulative population in the birth cohort at that age.
No formal sample size calculation was performed for this surveillance study as the entire population in each jurisdiction was included.
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